The survival of Escherichia coli O157:H7 in feces from steers fed corn (CO) or barley (BA) was evaluated at À10, +4 and +22°C. Fecal pats were inoculated with a four-strain mixture of nalidixic-acid resistant E. coli O157:H7 at two levels: 10 3 CFU g À1 (low, L) and 10 5 CFU g À1 (high, H). At À10°C, duration of survival of E. coli O157:H7 was reduced (p < 0.05) in CO-L (35 days) compared to BA-L (49 days), likely due to the effects of fecal volatile fatty acids in combination with a fecal pH of <6.5. At 4°C, E. coli O157:H7 was detected in BA-H, CO-H, CO-L and BA-L for 77, 77, 56 and 63 days, respectively, with no difference (p > 0.05) observed in the duration of survival or rate of decline of E. coli O157:H7 among treatments. Survival of E. coli O157:H7 was twice as likely (p < 0.05) at 22°C than at 4°C and À10°C. While pH and dry matter content increased, and volatile fatty acid concentrations decreased over 84 days at all three temperatures, these changes were most pronounced at 22°C. Survival of E. coli O157:H7 for extended periods of time in feces from both corn-and barley-fed animals was demonstrated, thus fecal material may serve as a vector for the transmission of the organism. The greater survival of E. coli O157:H7 at 22°C suggests that temperature may play a role in the seasonality of transmission and prevalence of this bacterium in feedlot cattle. The reported greater prevalence of E. coli O157:H7 in cattle fed barley as compared to those fed corn does not appear to be related to elevated risk of transmission arising from differential survival of the bacterium in feces.
Introduction
Escherichia coli O157:H7 is recognized as an important foodborne pathogen, having been implicated in numerous outbreaks and sporadic cases of hemorrhagic colitis and hemolytic uremic syndrome [1] . Cattle have been identified as a primary reservoir of E. coli O157:H7, with the organism being shed asymptomatically in the feces at levels ranging from <10 2 to 10 5 CFU g À1 [2, 3] . While the majority of human infections have been linked to the contamination of food or water [4] [5] [6] [7] , an increasing number of outbreaks have been associated with direct contact with livestock manure [8] and contaminated environmental sources [9, 10] .
Studies have shown that E. coli O157:H7 can survive in bovine and ovine manure for periods exceeding 60 days, thereby establishing the potential of feces to serve as a vector for the transmission of the organism to cattle, food and the environment [11, 12] . The low infectious dose of E. coli O157:H7 [13] in addition to its extended survival in bovine feces [12] emphasize that environmental contamination may pose a serious human health risk. In a May 2000 outbreak of E. coli O157:H7 infection at a scout camp held on agricultural land that had been grazed by sheep prior to the camp, ingestion of contaminated mud was implicated as the likely route of infection [10, 14] . In 2001, exposure to sawdust contaminated with animal feces in an agricultural fairground building resulted in eight cases of E. coli O157:H7 infection [15] . Environmental persistence of pathogens not only increases the risk of human infection, but also the likelihood of their recycling through livestock [16, 17] .
Numerous studies have evaluated the survival of E. coli O157:H7 in bovine and ovine feces, [11, 12, 18, 19] . However, none of these researchers examined the effect of diet on survival of E. coli O157:H7 in feces. There is evidence that the prevalence of E. coli O157:H7 is greater in cattle fed barley as compared with those fed corn [20, 21] . The objective of this study was to determine if differences in the survival of E. coli O157:H7 in feces from corn-and barley-fed cattle may contribute to this observation.
Materials and methods

Bacterial inoculum
A four-strain mixture of nalidixic acid-resistant (at 650 lg ml À1 ) E. coli O157:H7, including E318N (human isolate), R508N (bovine isolate), E32511 (human isolate) and H4420N (bovine isolate), was used as the bacterial inoculum. Each strain was grown separately in 100 ml of tryptic soy broth (TSB; Difco, Ottawa, ON) containing 50 lg ml À1 nalidixic acid (Sigma Chemical Co., Oakville, ON) for 18 h at 37°C (150 rpm). The bacteria were sedimented by centrifugation (4000g, 12 min), washed three times in phosphate buffered saline, pH 7.4 (PBS) and re-suspended in PBS. Each individual strain and the four-strain mixture were enumerated using spectrophotometric readings at 640 nm (UltraSpec Plus 4054, Pharmacia, Baie dÕUrfeÕ, QC) confirmed by plating of serial dilutions, in duplicate, onto sorbitol MacConkey agar (SMAC; Difco) supplemented with 2.5 mg l À1 potassium tellurite and 0.05 mg l À1 cefixime (both purchased from Dynal, Lake Success, NY), and 50 lg ml À1 nalidixic acid (Sigma), yielding CT-SMACnal. On the basis of previous studies and epidemiological data [3, 12] , the levels of inoculation of feces selected for study were 10 3 CFU g À1 and 10 5 CFU g À1 , denoted low (L) and high (H), respectively.
Feces
Sixteen yearling Hereford · Angus steers were used as sources of feces. The steers (eight per diet) were fed 80% corn:10% silage:10% supplement or 80% barley:10% silage:10% supplement [dry matter (DM) basis]. Fecal material was collected by rectal retrieval and from fresh fecal pats, with equal amounts from each source collected for each diet, and was kept cool during transportation to the laboratory. The steers from which fecal samples were obtained were cared for according to the standards of the Canadian Council on Animal Care [22] .
Prior to inoculation, feces were confirmed negative for the presence of E. coli O157:H7 using Dynabeads anti-E. coli O157 according to the manufacturerÕs instructions (Dynal). Feces from the eight donor steers were mixed (separately by diet) in sterile stomacher bags for 8 min at low speed in a Stomacher 400 laboratory blender (Seward Medical, London, UK). Inoculum (3 ml of the four-strain mixture of E. coli O157:H7 at the appropriate dilution), was added to 297 g of feces in sterile stomacher bags (18 cm · 29 cm) and mixed thoroughly at high speed for 4 min in the Stomacher 400. Two stomacher bags of inoculated feces (600 g) were then combined and the resulting mixture was deposited onto a foil tray, simulating a fecal pat.
Incubation and sampling
Triplicate fecal pats (trays) of each diet (CO, BA) and inoculum level (L, H) were incubated at À10, +4 and +22°C. Fecal pats were sub-sampled 0, 3 and 7 days after inoculation and once weekly thereafter for a 12-wk experimental period. The subsamples (3 g) were taken from five locations in the fecal pat, pooled and mixed prior to microbial and chemical analyses. Subsequent to the first 12-wk period, the entire experiment was repeated.
Enumeration and detection of E. coli O157:H7
Fecal samples (1 g) were serially diluted in 9 ml PBS and E. coli O157:H7 was enumerated by direct plating 100 ll of the appropriate dilutions onto CT-SMACnal. When E. coli O157:H7 was no longer detectable by spread-plating, a 1-ml aliquot of the 1:10 dilution was enriched by incubation for 6 h at 37°C in 10 ml of mTSB, which comprised tryptic soy broth modified to contain (per litre) 20.0 mg novobiocin (Sigma), 1.5 g bile salts 3 (Difco), 1.5 g dipotassium phosphate (Sigma) and 30 g TSB (Difco). Following enrichment, immunomagnetic separation (IMS) using Dynabeads anti-E. coli O157 was used to detect the presence of the organism. Three non-sorbitol-fermenting (NSF) colonies from each CT-SMACnal plate were confirmed as E. coli O157 using the Oxoid E. coli O157 Latex Test Kit (Oxoid, Nepean, ON).
Fecal pH, dry matter and volatile fatty acid determinations
Fecal pH determinations were performed on samples following addition and mixing with an equivalent amount of de-ionized water using an Orion PerpHect Meter, Model 310 (Orion Research Inc., Boston, MA). Analytical DM determinations were performed after drying the fecal samples at 105°C for 72 h. Volatile fatty acid (VFA) concentrations in the fecal samples were determined by gas chromatography as described previously [20] .
Pulsed-field gel electrophoresis DNA fingerprinting
The longest-surviving isolates of E. coli O157:H7 were subtyped by pulsed-field gel electrophoresis (PFGE) of XbaI-digested genomic DNA according to the One-day Standardized Laboratory Protocol for Molecular Subtyping of Escherichia coli O157:H7 [23] . The 36 longest-surviving isolates selected for typing included 12 isolates from pats kept at À10°C: three from BA-H (days 84, 84 and 70); three from BA-L (days 21, 28 and 49); three from CO-H (days 56, 63 and 84); and three from CO-L (days 14, 28 and 33); 12 isolates from pats kept at 4°C: three from BA-H (days 49, 63 and 77); three from BA-L (days 56, 56 and 63); three from CO-H (days 56, 70 and 77); and three from CO-L (days 42, 49 and 56); and 12 isolates from pats kept at 22°C: three each from BA-H, BA-L and CO-H (all from day 84); and three from CO-L (days 84, 84 and 77). Following electrophoresis, the bands were viewed under ultraviolet illumination and photographed using the Speedlight Platinum Gel Documentation System (Bio-Rad Laboratories, Mississauga, ON). The resulting PFGE patterns were characterized using the criteria described by Tenover et al. [24] .
Statistical analysis
Analysis of variance was performed using the PROC MIXED procedure (SAS Institute, Cary, NC). Counts of E. coli O157:H7 (log 10 CFU g À1 ), fecal pH and concentrations of VFA and DM were compared between diets (corn, barley) at each temperature (À10, +4 and +22°C) and inoculum level (low and high) using the FisherÕs least-significant difference (LSD) test. Rates of decline of E. coli O157:H7 among treatments were calculated by PROC NLIN using a three parameter single exponential decay model:
where CFU is the colony forming units of E. coli O157:H7 (log 10 ), AA is the curve asymptote, B is the intercept of the curve, c is the fractional rate of disappearance of CFU, and t is the time after inoculation with the organism (in days). The LIFETEST procedure was used to compare the duration of survival of E. coli O157:H7 among treatments.
Results
Bacterial counts
Escherichia coli O157:H7 was not detected in the feces from the barley-or corn-fed steers prior to inoculation. At À10°C, duration of survival of E. coli O157:H7 in feces was reduced (p < 0.05) in CO-L as compared with BA-L, and the organism was undetectable on days 42 and 56, respectively (Fig. 1) . In BA-H and CO-H, populations of E. coli O157:H7 declined but remained detectable by enrichment for 84 days after inoculation. The rate of disappearance of E. coli O157:H7 from CO-H was higher (p = 0.03) than from BA-H, however, once the asymptote was reached, final levels did not differ (p > 0.05) between the diets.
At 4°C, populations of E. coli O157:H7 in CO-L and in BA-L declined by 3 log 10 CFU g À1 to undetectable levels by days 63 and 70, respectively, with no difference (p > 0.05) observed in the duration of survival of the organism (Fig. 1) . In BA-H and CO-H, a 5log 10 CFU g À1 decline to undetectable levels at day 84 was observed. Rates of disappearance of E. coli O157:H7 were similar between BA-H and CO-H (p > 0.05) and between BA-L and CO-L (p > 0.05).
Growth of E. coli O157:H7 occurred in fecal pats kept at 22°C, followed by a decline in its population (Fig. 1) . The increase in E. coli O157:H7 was more pronounced in feces from cattle fed barley than in feces from those fed corn (increasing by 1.28 and 1.20 log 10 CFU g À1 during the initial 7 days after inoculation in BA-H and BA-L, respectively, compared with 0.42 log 10 CFU g À1 over three days in CO-H and 0.10 log 10 CFU g À1 during the first day in CO-L). When fecal pats were kept at 22°C, E. coli O157:H7 was detectable in all treatments after 84 days, present at 5.04, 4.88, 3.45 and 1.85 log 10 CFU g À1 in BA-H, CO-H, BA-L and CO-L, respectively (Fig. 1) . Rates of decline of E. coli O157:H7 were similar (p > 0.05) between BA-H and CO-H and between BA-L and CO-L. Considerable variation in the levels of E. coli O157:H7 recovered among replicates was observed in BA-L and CO-L throughout the 84-day incubation period.
Fecal pH, dry matter and volatile fatty acid determinations
Fecal pH at day 0 was lower (p < 0.05) in samples from steers fed corn than from those fed barley. During the 84-day incubation period, fecal pH increased in all treatments, but least of all in the pats kept at À10°C (Table 1) . Dry matter content at day 0 was greater (p < 0.05) in feces from corn-fed steers than those fed barley (Tables 1-3) . With either diet, fecal DM increased more rapidly in pats kept at 22°C (Table 3 ) than in those kept at 4°C (Table 2 ) or À10°C (Table 1) . After 84 days of incubation, DM content was similar between pats kept at 4 and 22°C (Tables 2 and 3 ), but remained lower (p < 0.05) in those stored at À10°C (Table 1) .
Volatile fatty acid concentrations were consistently higher (p < 0.05) at day 0 in corn than in barley. Concentrations of VFA remained high at À10°C (Table   1 ), but declined in feces stored at 4 or 22°C (Tables 2  and 3) . A diet effect was observed from day 7 to day 70 in the pats inoculated at 10 5 CFU g À1 , where VFA concentrations were higher (p < 0.05) in CO-H than BA-H (Table 3) .
Pulsed-field gel electrophoresis DNA fingerprinting
Separation by PFGE of XbaI-digested genomic DNA from the four inoculated strains of E. coli O157:H7 produced unique banding patterns that allowed identification of longest-surviving isolates collected during the study (Fig. 2) . Of the 36 isolates fingerprinted, 29 produced banding patterns indistinguishable from that produced by strain H4420N. Banding patterns resembling strains R508N and E32511 were each detected on three occasions whereas strain E318N was detected once. The isolates identified as R508N included one from CO-H and two from CO-L at À10°C (Fig. 2) . Two E32511 isolates were detected from BA-H and one from CO-L at 22°C. One isolate from CO-L was identified as strain E318N. Strain H4420N was the only one detected among the 12 longest-surviving isolates analyzed from fecal pats kept at 4°C.
Discussion
Long-term survival of E. coli O157:H7 in bovine and ovine feces has been reported previously [11, 12, 19] , however, the effect of diet on differential survival of the organism in feces has not been evaluated. The shortterm proliferation and long-term survival of E. coli O157:H7 at 22°C for periods of at least 84 days in feces from both corn-and barley-fed cattle in the present study confirms the potential of bovine feces to serve as a vector for transmitting this organism [11, 12, 18] . Investigations of E. coli O157:H7 outbreaks lend support to the conclusion that infection can result from contact with an environment (mud, soil and water) contaminated with bovine or ovine feces long after removal of the cattle or sheep [9, 10, 14] .
Survival of E. coli O157:H7 in feces from steers fed corn-or barley-based diets was evaluated in this study because high-grain diets such as these are commonly fed in the finishing stages of beef production. The average magnitude and prevalence of fecal E. coli O157:H7 excretion was found to be lower in feedlot cattle fed a corn-based diet as compared to a barley-based diet [21] . This difference was attributed to diet-mediated differences in fermentation in the bovine gastrointestinal tract that result in a lower fecal pH and higher fecal VFA concentration when cattle are fed corn as compared to barley [20, 21, 25] . It is also possible that differences in environmental survival of E. coli O157:H7 in feces from corn-and barley-fed cattle may exist, thereby Fig. 1 . Decline in populations of E. coli O157:H7 in feces from cornor barley-fed steers (CO, BA) during 84 days of incubation at À10, +4 or +22°C (n = 6). On day 0, the fecal pats were inoculated with a fourstrain mixture of nalidixic acid-resistant E. coli O157:H7 at rates of 10 3 CFU g À1 (low, L) or 10 5 CFU g À1 (high, H). The presence of E. coli O157:H7 in samples negative by direct plating (<1 log 10 CFU g À1 ) was assessed by enrichment and immunomagnetic separation.
affecting the potential risk of transmission and persistence of this bacterium in feedlot cattle.
Our results indicate that at À10°C, the duration of survival of E. coli O157:H7 in feces was reduced in CO-L (35 days) as compared with BA-L (49 days), suggesting that differences in fecal pH and DM early in the incubation period were particularly antagonistic to the survival of E. coli O157:H7. Fecal pH in CO-L remained below 6.5 until day 42, whereas in BA-L, fecal pH was >6.5 over the entire incubation period. Concentrations of VFA were also numerically higher in CO-L as compared to BA-L, a factor that may reduce the survival of E. coli O157:H7 within this matrix [26] . The increased rate of decline of E. coli O157:H7 in CO-H compared to BA-H at À10°C further suggests that initial fecal conditions were inhibitory to growth of E. coli O157:H7. However, at the high inoculation rate, pH and DM gradually increased and VFA decreased with time, conditions that enabled the organism to survive both in CO and in BA treatments for 84 days after inoculation. It must be acknowledged that populations of E. coli O157:H7 recovered at À10°C may be underestimated, given that no resuscitation step was undertaken in the recovery of the organism. It has been reported that freeze injury results in reversible outer and cytoplasmic membrane damage in bacterial cells, and that a resuscitation period may allow for increased recovery of the organism [27] . However, there is no reason to speculate that this effect would differ in feces from corn-fed cattle compared with feces from those fed barley.
Initial increases in populations of E. coli O157:H7 in the initial post-inoculation phase at 22°C differed with diet (a 1.20-1.28 log 10 CFU g À1 over 7 days in BA-H and BA-L, compared with a 0.10-0.42 log 10 CFU g À1 over 1-3 days in CO-H and CO-L). The slighter increase with CO as compared with BA may have been associated with lower initial pH and higher initial VFA concentration in CO than in BA. Although the more substantial growth of E. coli O157:H7 in feces from barley-fed cattle could increase the number of these bacteria in that environment, it is difficult to envision how this relatively modest increase would result in the greater prevalence of E. coli O157:H7 reported for cattle fed barley vs. corn [20, 21] . 
A,B = Diet effect: within a column (day) and parameter (pH, DM, VFA), values followed by different letters differ (p < 0.05). a DM, dry matter (expressed as %, w/w); VFA, volatile fatty acids (expressed as lmol g À1 DM). Values shown are the means of six (pH and DM) or two (VFA) determinations. Those in parentheses are the standard error of the mean value immediately above. b Feces were inoculated at rates of 10 3 (Low) or 10 5 (High) CFU g À1 DM.
Growth of E. coli O157:H7 in bovine feces at 22°C was consistent with the findings of other researchers [11, 12, 19] . Numerous studies have documented the seasonality of E. coli O157:H7 infection in feedlot cattle [28] [29] [30] . Temperature-mediated survival and growth of E. coli O157:H7 in feces on the pen floor could contribute to this seasonality, given that pen floor fecal pats have been identified as a primary source of transmission of E. coli among penmates [20, 31] . However, seasonality has also been documented in the southern United States [32] , where temperatures are less variable, which suggests that environmental temperature is not the only factor contributing to this phenomenon.
Moisture content in the fecal pats decreased more rapidly at 22°C than at À10 or 4°C. After 84 days, DM content in BA or CO fecal pats kept at 22°C was approximately 89%. Although rapid dehydration has been associated with increased microbial inactivation [19] , such was not the case in the present study. On day 84, populations of E. coli O157:H7 in the pats kept at 22°C ranged from 1.85 to 5.04 log 10 CFU g À1 , suggesting that increasing DM did not adversely affect the survival of E. coli O157:H7. It is possible that moisture levels must be considerably lower than 10% before the viability of E. coli O157:H7 is significantly reduced. Enhanced survival of E. coli O157:H7 observed at 22°C in fecal pats from BA and from CO may be attributable to the temperature-mediated decline in VFA and increase in pH. Considerable variation was observed in the levels of E. coli O157:H7 recovered from replicates in CO-L and BA-L, possibly as a result of non-homogenous distribution of the inoculum at lower bacterial concentrations or differential survival of the bacterium within fecal microcosms.
In the present study, survival of E. coli O157:H7 was enhanced at +22°C as compared with +4 or À10°C, which is similar to an observation reported by Himathongkham et al. [19] that survival of E. coli O157:H7 and Salmonella was increased at 20°C as compared to 4°C. Populations of E. coli O157:H7 declined more slowly at 4°C than at À10°C, which corresponds to the more rapid decline in VFA concentration and increases in pH and DM. Unlike storage at 22°C, inhibition of E. coli O157:H7 in CO and BA pats at 4°C was likely a consequence of reduced protein synthesis that has been reported to occur at suboptimal (5°C) temperatures for growth [33] . Pulsed-field gel electrophoresis was used to differentiate E. coli O157:H7 strains in this study to determine if strain variations existed in the survival patterns of E. coli O157:H7 in feces from corn-and barley-fed animals. Separation of XbaI-cleaved chromosomal DNA from the four inoculated strains produced unique banding patterns that allowed identification of the longestsurviving strains. The majority of the longest-surviving isolates analyzed (29 of 36) produced banding patterns identical to strain H4420N. Enhanced survival of this strain was also observed in experimentally inoculated steers and their environment [20] , and may be related to this stainÕs ability to survive adverse environmental conditions. It has been reported that some E. coli O157:H7 strains survive better than others under acidic conditions [34] , which may have contributed to the present observations, however, analysis of a larger number of isolates would be required in order to confirm this theory.
A limitation of the present study was the use of inoculated strains of E. coli O157:H7 as compared to those naturally present in bovine feces. This methodology was convenient and allowed precise control of levels of inoculum. However, the use of laboratory strains of E. coli O157:H7 grown under optimal conditions, unlike their natural environment, may subsequently have affected the outcome of the survival study [17] . Moreover, it has been reported that the survival of E. coli O157:H7 is reduced in experimentally inoculated manure under laboratory conditions as opposed to naturally inoculated manure in the environment [11] , which emphasizes the difficulty in extrapolating in vitro studies to on-farm conditions.
In conclusion, the findings of this study indicate that E. coli O157:H7 can survive in feces from corn-fed and barley-fed steers for extended periods of time, held at À10, +4 or +22°C. A diet-mediated difference in survival of E. coli O157:H7 was observed at À10°C, where survival duration was reduced in CO-L as compared to BA-L. Growth and enhanced survival of the E. coli O157:H7 at 22°C in contrast to À10 or 4°C suggests that inoculation level and storage temperature factor 
A,B = Diet effect: within a column (day) and parameter (pH, DM, VFA), values followed by different letters differ (p < 0.05). a DM, dry matter (expressed as %, w/w); VFA, volatile fatty acids (expressed as lmol g À1 DM). Values shown are the means of six (pH and DM) or two (VFA) determinations. Those in parentheses are the standard error of the mean value immediately above. b Feces were inoculated at rates of 10 3 (Low) or 10 5 (High) CFU g À1 DM. c ND = not determined. strongly in the persistence of this bacterium. The greater prevalence of E. coli O157:H7 in cattle fed barley as compared to those fed corn does not appear to be directly related to differences in its capacity for survival in the feces.
